Assessing the legacy of plant invasions on resident plant communities requires a thorough understanding of changes occurring in the aboveground
U
nderstanding the causes and consequences of biological invasions by alien plants (i.e., plants that are introduced intentionally or unintentionally outside their native geographical range) are among the most pressing research questions in invasion ecology (Kumschick et al. 2015) . Despite extensive efforts aimed at characterizing the impact of plant invasions on resident communities and ecosystem functioning and services, our capacity to predict their long-term implications is still limited (Kumschick et al. 2015) . Studies on the changes in plant communities associated with plant invasions provide contrasting results, with evidence ranging from remarkable changes in plant diversity (Gaertner et al. 2009, Gioria and Osborne 2010) to the displacement of primary invaders by a second invader (Gioria et al. 2011) or the recolonization of invaded communities by native species over the long term (Thompson 2014) .
To date, the impact of invasive alien plant species on plant communities has been mainly examined with respect to changes in the aboveground vegetation, with plant invasions often leading to substantial decreases in species richness and even to the formation of virtually monospecific stands (Gaertner et al. 2009, Gioria and Osborne 2010) . In contrast, the impact on the soil seed bank (hereafter seed bank) has received comparatively less attention (Krinke et al. 2005 , Gioria et al. 2014 , probably because of the practical difficulties associated with seed-bank assessments (Thompson et al. 1997, Gioria and Osborne 2009a) .
Seed banks are reserves of seeds in the soil or on its surface and are a major determinant of vegetation dynamics in many plant community types (Harper 1977 , Templeton and Levin 1979 , Thompson and Grime 1979 . The functional role of seed banks has been reviewed by Thompson (2010) and Saatkamp and colleagues (2014) , whereas Gioria and colleagues (2012) described the potential role of seed banks in determining species' invasiveness and/or the invasibility of resident communities. Seed banks are a major source of propagules and genetic variability (Templeton and Levin 1979) and may play a central role in the recruitment and establishment of species reproducing by seeds (Harper 1977) . In particular, they provide a storage effect (Chesson 1984) -that is, a mechanism allowing the coexistence of species in a community associated with their differential response to changing environmental conditions and/or use of resources. The storage effect is important for invasive species, because it may improve their capacity to respond to the novel conditions encountered in their alien range, as well as for native species, which may also face novel environmental conditions introduced with an invasive species (Gioria et al. 2012) .
Seed banks have both a spatial and temporal dimension. They have been classified into transient, short-term persistent, and long-term persistent, depending on whether some seeds persist in the soil for less than a year, between one and five years, or for over five years (Thompson et al. 1997 ). This classification is very useful in the context of plant invasions, because it allows us to predict how long invasive and native species may persist in the soil as a latent source of propagules in the absence of further introductions. Persistent seed banks may be composed of both dormant and nondormant seeds (Dekker 1999) . The relationship between seed dormancy (here defined as the absence of germination; e.g., Thompson 2000) and persistence is a complex one, because nondormant seeds may persist in the soil for a long time in the absence of suitable germination cues, whereas deeply dormant seeds may persist in the soil for a short time if such conditions occur soon Baskin 1998, Thompson 2000) . The characteristics and density of the seeds present in the seed bank play an important role in the timing and magnitude of recruitment from the seed bank.
The legacy of plant invasions will ultimately depend on (a) the persistence of an invasive species in a community, (b) the capacity of resident communities to buffer against the full or partial displacement of resident species from the aboveground vegetation, and (c) the characteristics of changes in the biotic and abiotic conditions associated with an invasion (Vilà and Gimeno 2007 , Gioria et al. 2012 , Abella et al. 2013 . These factors are strongly linked to the characteristics of the seed bank of the native and alien species present in invaded communities; therefore, any study aimed at understanding the long-term implications of plant invasions must include examinations of the seed bank. Moreover, adult plants and seeds respond differently to environmental conditions (Templeton and Levin 1979, Chesson 1984) ; therefore, the impact of plant invasions is expected to differ, with evidence showing that seed banks are altered less rapidly and support more species than the aboveground vegetation in invaded communities (Holmes 2002 , Gioria and Osborne 2010 , Robertson and Hickman 2012 , Gooden and French 2014 . A species may in fact disappear from the aboveground vegetation because of a range of mechanisms associated with an invasion, such as resource competition (Gioria and Osborne 2014) or the release from natural enemies (Keane and Crawley 2002) , but can still be present in the seed bank. Although species losses from the aboveground vegetation associated with plant invasions may be reversed by the presence of a seed bank that allows for recruitment when the environmental conditions are suitable for germination, at least for a certain period of time, species losses from both the aboveground vegetation and the seed bank are not reversible without new introductions or the dispersal of seeds from neighboring communities (Holmes 2002 , Gioria et al. 2012 .
Despite being long neglected, the interest in examining the seed bank of invaded communities has increased in recent years, particularly with respect to their role in the management of invasive species and in the restoration of invaded communities (e.g., Holmes and Cowling 1997 , Standish et al. 2001 , Wearne and Morgan 2006 , Richardson and Kluge 2008 , Marchante et al. 2011 . Here, we review the current literature on the characteristics of invaded seed banks and on the impacts of plant invasions on the species richness, density, and composition of the seed bank. Changes in the relationship between the seed bank and the aboveground vegetation are also reviewed. We discuss the potential effects of changes in the seed bank on future vegetation dynamics, including secondary invasions, and how the characteristics of invaded seed banks may be symptoms of habitat degradation potentially promoting an invasion by increasing the susceptibility of a plant community to plant invasions (their invasibility). Finally, we discuss some issues characterizing seed-bank studies in invasion ecology, and we conclude by highlighting the most pressing research needs in this field. Details of the original studies used in this article to characterize the changes in the seed bank associated with plant invasions are provided in supplemental appendix S1.
The seed bank of invaded plant communities Invasive plant species (i.e., alien plants that form self-sustaining populations and spread at considerable distances from the loci of introduction, sensu Richardson et al. 2000) may alter resident seed banks directly, by forming a seed bank of varying density and persistence, as well as indirectly, by altering the abiotic and biotic conditions at a locality, including changes in the aboveground vegetation and in competitive interactions at various stages of plant development. The mechanisms by which invasive plants may alter the seed bank have been described by Gioria and colleagues (2012) and are outlined in figure 1.
Changes in the seed bank associated with plant invasions include alterations in the seed bank of invasive, native, and alien species other than the invader (in this review, alien seeds are seeds of species not native to the region but not invasive in the study area, according to the definition by Richardson et al. 2000) . Characterizing the seed bank of invasive, native, and alien species in invaded communities is important to understand the type, the magnitude, and the speed of changes in the seed bank and to predict the recruitment potential of these species from the seed bank. This, in turn, is important to assess the invasiveness of an alien species across ecosystems and biome types; to predict future vegetation dynamics, as well as whether changes in the seed bank may increase the susceptibility of invaded communities to secondary invasions; to assess the effects of anthropogenic disturbances and climatic changes on the seed bank; and to assess the type and duration of measures that are necessary to control the seed bank of an invasive species and to restore native communities to pre-invasion conditions.
The contribution of the seeds of invasive species to the density of invaded seed banks. Knowledge of the characteristics of the seed bank of invasive species in a community is central to predicting the potential for its recruitment and successful establishment from the seed bank, as well as its persistence. The characteristics of the seed bank of invasive species vary broadly, from no seed banks (Gioria and Osborne 2010) or only transient ones Osborne 2009a, 2010) Overview Articles to large, persistent seed banks Osborne 2009b, Marchante et al. 2010) . Although the formation of a seed bank is not a precondition for successful invasions (Gioria and Osborne 2010) , it may provide an invasive species with one or more advantages over native species, including those associated with (a) phenological differences, such as early germination and subsequent competition avoidance or mitigation (Drake 1998 , Gioria and Osborne 2009a , 2014 ; (b) increases in genetic variability, with potential effects on the capacity of the invasive species to respond to environmental variability (Fennell et al. 2014) ; or (c) the saturation of available microsites that are required for the establishment of native species (Brown and Fridley 2003) .
Studies examining the seed bank of communities invaded by a single invasive species (although seeds of other alien species may be present) and providing data at the site or community level show that the contribution of seeds of invasive species to invaded seed banks varies from minimal (or null) to very large (figure 2). A high percentage of invasive seeds to the seed bank may have important implications, because any natural or anthropogenic disturbance is likely to promote the germination of seeds of the invader, potentially resulting in the rapid dominance of the invader in vegetation as well as in the seed bank (Vosse et al. 2008, Gioria and Osborne 2010) . Moreover, great absolute and relative densities of invasive seeds may alter the viability and germination patterns of seeds of resident species, potentially affecting the susceptibility of invaded communities to secondary invasions (Gioria et al. 2011) . Therefore, where seeds of an invasive species dominate the seed bank, effective control Figure 1 . The introduction of invasive alien plant species may affect the soil seed bank directly, via the production of viable seeds; indirectly, via changes in the aboveground vegetation; in other biotic conditions, including the abundance and identity of natural enemies and pollinators; and in abiotic conditions. These changes, which interact with each other, may affect the seed production of resident species as well as germination and mortality rates. Moreover, changes in the structure of the vegetation may affect the seed rain (and mortality rates) via dispersal limitation, preventing seeds from reaching the soil and leaving them exposed to the attack of predators and pathogens. Potential changes in the identity and abundance of pollinators may also affect seed production. Changes in the seed bank will in turn affect the vegetation via changes in the recruitment potential of a species from its seed bank (adapted from Gioria et al. 2012).
measures must include the depletion or removal of its seed bank (Simberloff 2003) .
In general, a large seed bank dominating invaded communities is not essential for successful invasion, as has been demonstrated by the low contribution of seeds of invasive species in heavily invaded communities and/or where the invader has been present for a long period of time (figure 2; e.g., Shen et al. 2006 , Fisher et al. 2009 , Herrera and Nassar 2009 , Gioria and Osborne 2010 . Some species, however, have been found to dominate the seed bank at invaded communities, contributing to over 70% of the total density of invaded seed banks (figure 2). A tendency to dominate the seed bank of invaded communities could explain, at least in part, their invasiveness under certain environmental conditions (Holmes and Cowling 1997 , Holmes 2002 , Navie et al. 2004 , Gioria and Osborne 2009b , 2010 , Herrera and Nassar 2009 .
Such contributions depend on the reproductive strategy of the invader, the size and persistence of its seeds, the characteristics of the invaded habitat, the climatic condition, the evolutionary history of each species in a community (Saatkamp et al. 2014) , as well as the invasion history. Clearly, the sampling season(s) and the number of sampling times may have strong effects on the absolute and relative densities of invasive seeds. Although transient or short-term persistent seed banks are found only during a limited period of time over the year, persistent seed banks are present throughout the year. Therefore, the contribution of species possessing transient or short-term persistent seed banks may range from null to very high, depending on whether soil samples are collected before or after the seed rain (Gioria and Osborne 2009b) . Persistent seed banks are also seasonal, and estimates are greater if they include the most recent seed rain. Moreover, some species possess both transient and persistent seeds (Krinke et al. 2005) , and variation in the environmental conditions will be reflected in a high variability of seed-bank density and therefore in their overall contribution to invaded seed banks (Gioria and Osborne 2009b) .
The contribution of seeds of native and other alien species to the density of invaded seed banks. Knowledge of the characteristics of native seed banks in invaded communities is central to assessing the long-term implications of plant invasions and the recovery potential of native species after the removal of an invader (Holmes and Cowling 1997 , Holmes 2002 , Fourie 2008 , Vosse et al. 2008 , Gioria and Osborne 2010 . A large contribution of native seeds to invaded seed banks could be indicative of a relatively low impact of an invader on the seed bank, even where that on the aboveground vegetation could be substantial (Abella et al. 2012) . However, during an invasion process, the seed bank of native species could become dominated by seeds of weedy or unwanted species, which typically possess large, persistent seed banks Osborne 2009a, b, 2010) , thereby affecting their restoration potential.
The percentage of native seeds in invaded seed banks varies widely in the literature, being generally low to moderate. An analysis of published studies on invaded seed banks shows that when the seeds of the invader under investigation are included, native seeds represent less than 50% of the seeds in invaded seed banks at the majority of invaded sites (figure 3). If we exclude the seeds of the invader, however, native species contribute over 90% of the seeds in invaded seed banks at the majority of invaded sites, suggesting that invaded communities might be recovered (figure 4).
The percentage of seeds of alien species in invaded seed banks also varies broadly but is generally low (figure 4). Exceptions are represented by Banksia woodlands invaded by the perennial herb Pelargonium capitatum and the perennial grass Ehrharta calycina, where alien seeds represent a large component of the invaded seed banks despite the low contribution of seeds of the invader, exceeding the number of seeds of native species (figures 3 and 4; Fisher et al. 2009 ). Knowledge of absolute and relative densities of alien seeds in invaded seed banks is important for assessing the degree of degradation of invaded communities and on the efforts that are required to restore the native vegetation. Such contributions may be associated with various factors, including pre-invasion disturbances that promote the arrival of both alien and native seeds and/or changes in the vegetation associated with an invasion process. The latter generally include changes in aboveground biomass or canopy density and architecture Osborne 2009a, 2010) , which may promote the dispersal of seeds from nearby disturbed areas, such as plowed fields, road verges, and abandoned farmland Osborne 2010, Gioria et al. 2011) .
It is difficult to determine whether the presence of alien seeds is the result of local disturbances resulting in the introduction of alien and invasive seeds or to changes in the vegetation and at the ecosystem level that promote the dispersal of alien seeds from more or less distant areas. Comparisons between invaded and noninvaded seed banks are useful in this respect. If both invaded and noninvaded seed banks contain a large number or proportion of alien seeds, anthropogenic activities resulting in the introduction of propagules in a community (local environmental degradation) are the likely cause of the presence of seeds of alien and invasive species (see Holmes 2002 , Turner et al. 2008 , Gaertner et al. 2011 . In contrast, if alien seeds are absent or negligible in noninvaded seed banks, their presence in invaded seed banks is likely to be directly dependent on the changes associated with plant invasions that may facilitate the spread of seeds from surrounding areas, reflecting regional environmental degradation.
Unfortunately, the majority of seed-bank studies do not distinguish between the causes and effects of plant invasions (Gioria et al. 2014 ) because of the lack of information on seed-bank communities prior to an invasion. Moreover, plant invasions frequently occur in disturbed areas (Turner et al. 2008 , Gioria and Osborne 2009a , 2010 , in abandoned agricultural land (Navie et al. 2004, Gioria and Osborne 2009b) , or in alien tree plantations (Gaertner et al. 2011 ), thereby complicating the task of determining whether plant invasions are the cause of changes in the seed bank or the consequence of environmental degradation. Frieswyk and Zedler (2006) proposed an assessment of habitat degradation and resilience in a general context on the basis of three major dimensions: (1) seed density, (2) species and guild richness, and (3) the floristic quality of the persistent seed bank. This proposed conceptualization could be useful to develop a scoring system of the impact of plant invasions on the seed bank. In particular, the identity and proportion of alien seeds in the seed bank should be included in assessments of the floristic quality of the seed bank. Additional or alternative dimensions could be represented by the proportion and type (transient versus persistent) of native and alien seed banks and by information on whether an invader may alter ecosystem properties, such as nitrogen-fixing species or those with a capacity to alter the fire regime, which could promote further changes in resident seed banks. 
Impacts of plant invasions on the seed bank
The impact of plant invasions on the seed bank has been mainly assessed by comparing the characteristics of the seed banks of invaded and comparable noninvaded areas, assuming that these areas were similar prior to the invasion Osborne 2010, Gioria et al. 2014) . Rigorous examinations of changes in the seed bank have been conducted for few invasive species and in few habitat types. The impact of plant invasions has been assessed on the basis of differences in (a) species diversity, mainly species richness (i.e., the number of species present in the seed bank), (b) seed bank density, generally estimating the number of seed per square meter, and/or (c) species composition, using seed-bank density data per each species in the seed bank.
The impact on seed-bank species richness and density. Plant invasions generally reduce substantially the density of the seed bank of invaded communities, whereas the impact on species richness may be negligible. Gioria and colleagues (2014) conducted a meta-analysis of studies examining the impact of plant invasions on seed-bank richness and density for 18 invasive species and showed that invasions by large herbaceous species cause the greatest changes in resident (native plus alien) seed banks, greatly reducing the species richness and density of both native and alien seed banks. Such a strong impact likely reflects the remarkable changes occurring in the aboveground vegetation for both native and alien species, as well as suggesting that dispersal limitation may be an important mechanism preventing the dispersal of seeds from neighboring-communities species, regardless of their origin status, from reaching the soil at invaded sites, possibly because of the large biomass, litter production, and dense canopy of these invaders (Gioria and Osborne 2010 , Gioria et al. 2011 . Trees and shrubs often negatively affect the richness and density of resident seed banks (Holmes 2002 , Wearne and Morgan 2006 , Giantomasi et al. 2008 , French et al. 2011 , Gaertner et al. 2011 , González-Muñoz et al. 2011 , Marchante et al. 2011 , although the impact may differ for native and alien species. In general, invasive plants have a negative effect on seed-bank density and the richness of native species, whereas negative (e.g., Holmes and Cowling 1997 , Gioria and Osborne 2009a , b, 2010 , Marchante et al. 2011 , neutral (e.g., Mason et al. 2007 , Turner et al. 2008 , or even positive effects have been reported for alien seed banks (figure 5; e.g., Holmes and Cowling 1997, Fisher et al. 2009, Gaertner et For management and restoration purposes, distinguishing between the origin status of seeds in the seed bank (native versus alien) is crucial, because copious or species-rich alien seed banks may hamper the success of control programs, whereas impoverished native seed banks would require active management to restore a site to pre-invasion conditions. Moreover, assessing differences in resident seed banks only might fail to detect substantial changes in native seed banks where the overall impact on resident seed banks is negligible (Holmes 2002 , Gaertner et al. 2011 ).
Impact on species composition. Assessing changes in species composition provides information on the response of individual species to plant invasions and on the conservation or degradation value of the species in invaded communities. This is crucial for assessing the restoration potential of native communities (Gioria and Osborne 2009a) .
The majority of studies on the impact of invasive plants on the seed bank have reported changes in species composition associated with long-term invasions, even where differences in species richness or density were not (yet) evident (figure 5; Mason et al. 2007 , Vilà and Gimeno 2007 , Gaertner et al. 2011 , Abella et al. 2012 , 2013 .
In general, plant invasions result in a homogenization of the seed flora (Wearne and Morgan 2006, Gioria and Osborne 2010, Robertson and Hickman 2012), often leading to seed banks dominated by seeds of weedy or undesired species (Gioria and Osborne 2010) or by alien seeds (Fisher et al. 2009 , Gaertner et al. 2011 . The similarity (the average similarity between pairs of samples) between invaded and noninvaded seed banks is generally low to moderate (figure 6), indicative of major changes in the species composition associated with plant invasions. An exception is represented by invasions by the annual herb Oxalis pes-caprae at three old abandoned fields, where a high similarity in species composition between invaded and noninvaded communities was reported (75%; Vilà and Gimeno 2007) . This is consistent with previous studies showing that seed-bank composition in disturbed areas is more similar to vegetation composition than that in relatively undisturbed ecosystems because of an overrepresentation of small persistent seeds, which tend to increase along gradients of disturbance (Thomspon and Grime 1979, Fenner and Thompson 2005 ).
An overrepresentation of seeds of alien or weedy species characterized by persistent seeds banks is likely to (further) promote the degradation of native communities by increasing the probability of the recruitment of seeds of undesired species, regardless of their origin status, and therefore their susceptibility to invasions. For instance, in a tropical forest in Hawaii, Drake (1998) showed that alien species formed persistent seed banks, whereas native species formed only transient or pseudo-persistent (short-term) seed banks, suggesting that alien species may increase in abundance at the expenses of native species in disturbed forests.
Changes in species composition generally differ across functional groups. Several investigations have showed that plant invasions alter the contribution to the seed bank of seeds belonging to different growth forms, the number of growth forms present in the seed bank, and/or the contribution of seeds of species possessing certain dispersal strategies (Holmes 2002 , Mason et al. 2007 , Vilà and Gimeno 2007 , Cline et al. 2008 , Giantomasi et al. 2008 , Mason and French 2008 , Fisher et al. 2009 , Gioria and Osborne 2009a , b, 2010 , Herrera and Nassar 2009 , Marchante et al. 2011 , González-Muñoz et al. 2012 , Gooden and French 2014 .
In general, invaded seed banks are dominated by seeds of the following: (a) species that persist in the vegetation or whose relative abundance in the vegetation is greater in invaded communities, including shade-tolerant species, such as Urtica dioica, which dominate the vegetation and the seed bank of invaded communities in several plant community types (Gioria and Osborne 2010); (b) species possessing large and persistent seed banks, which are typical of disturbed habitats (Fenner and Thompson 2005, Gioria and Osborne 2010); and/or (c) species with an effective dispersal capacity, such as wind-dispersed species whose seeds may migrate into invaded seed banks from neighboring communities (Holmes 2002 , Mason et al. 2007 , Gioria and Osborne 2010 , Marchante et al. 2011 . Invasive species often occur in disturbed ecosystems characterized by high nutrient levels or may lead to increases in the available nitrogen associated with a capacity for nitrogen fixation, such as Acacia species (Holmes and Cowling 1997 , Holmes 2002 , Marchante et al. 2011 , González-Muñoz et al. 2012 ) and the giant rhubarb (Gunnera tinctoria, Gioria and Osborne 2013) , potentially facilitating the presence in the vegetation (and therefore in the seed bank) of native and/or alien nitrophilous species.
Similarity between the seed bank and the aboveground vegetation The seed bank and the aboveground vegetation are strongly linked. However, our capacity to predict the characteristics of the seed bank based on knowledge of the vegetation or to predict the characteristics of the vegetation based on knowledge of the seed bank is limited (Vilà and Gimeno 2007) . The similarity in species composition between the seed bank and the aboveground vegetation is low at heavily invaded or long-term invaded sites and lower at invaded sites compared with that at noninvaded sites (table 1) .
Low similarity in species composition between the seed bank and the aboveground vegetation depends on a range of factors, which include the following: (a) The environmental conditions at a site may affect seeds and adults in different ways (Chesson 1984, Fenner and Thompson 2005) . (b) Invasive species as well as other species present in a community may not form a viable seed bank or only form a transient one; therefore, their contribution to the seed bank may be null, minimal, and/or of short duration, despite these species being present or even dominant in the vegetation Osborne 2009a, 2010) . (c) Species that form a large and/or persistent seed bank are poorly represented in the aboveground vegetation relative to the seed bank. This is largely due to trade-offs between seed size and seed production and between seed size and persistence, with small seeds being typically produced in higher numbers than large seeds and generally accumulating in the seed bank more effectively than larger seeds (Thompson et al. 1997 , Fenner and Thompson 2005 . The relationship between seed size and persistence generally reflects the habitat characteristics and the disturbance regime (Fenner and Thompson 2005) , with the seed bank strategy (transient versus persistent) depending on the risks of reproductive failure (Venable and Brown 1988) . In general, persistent seed banks are formed in disturbed habitats (Harper 1977 , Thompson et al. 1998 , whereas relatively undisturbed habitats, such as forests and seminatural grasslands, generally support low seed persistence (Fenner and Thompson 2005, Hopfensberger 2007) . A lower similarity between the seed bank and the vegetation is therefore expected in undisturbed versus in disturbed habitats (Thompson and Grime 1979, Hopfensberger 2007) . (d) A light requirement may prevent the germination of nondormant seeds, which can only germinate when exposed to light, or is necessary to break dormancy (Baskin and Baskin 1998) . Seeds with a light requirement may therefore accumulate in the soil in the absence of disturbances affecting the soil and aboveground vegetation. (e) Species that are not present in the vegetation may be short lived and only persist as seeds. A trade-off between adult and seed longevity has been suggested and theoretically predicted (e.g., Brown 1988, Rees 1996) , with short-lived species relying more on persistent seed banks compared with long-lived species. (f) The presence in the vegetation of species possessing multiple regeneration strategies (sexual and asexual) can be another factor. Because the environmental conditions may affect the balance between sexual and clonal reproduction for many species (Eckert 2002) , it is possible that in an adaptive response to the new disturbance regime introduced by an invasion process, resident species rely more on vegetative propagation and less on seed production for their establishment and spread-with effects also on their genetic diversity-for species possessing both regenerative strategies Osborne 2010, Fennell et al. 2014) .
Issues in assessing changes in the soil seed bank and research needs Estimating the seed bank of individual species or whole seedbank communities presents several challenges, because seed banks are highly variable in space and time (Thompson and Grime 1979, Thompson et al. 1997) . Spatially, seed banks are generally patchy, with seeds of many species clustering around the mother plant (Fourie 2008, Gioria and Osborne 2009b) , and generally decrease with increases in soil depth (Thompson and Grime 1979, Fenner and Thompson 2005) . Temporally, the environmental conditions control seed production and within-year germination, which is restricted to one or two periods, as well as among-year patterns, which depend on the species-specific differences in the frequency of safe sites (Saatkamp et al. 2014 )-that is, those sets of specific conditions that are favorable for germination for a particular species (Harper 1977) .
Although the practical and analytical challenges of assessing changes in the seed bank have been previously described and potential solutions provided (Thompson and Grime 1979 , Thomspon et al. 1997 , Gioria and Osborne 2009a , the high spatiotemporal variability of seed banks has been rarely accounted for. In particular, studies of seed-bank (and vegetation) dynamics in the context of plant invasions are lacking. In the majority of studies on invaded seed banks, soil samples were collected only at one point in time (but see appendix S1; Gioria and Osborne 2009a , b, 2010 , Gioria et al. 2011 , Gooden and French 2014 , potentially leaving undetected those species that are present in the seed bank only for a short period of time or overestimating the proportion of seeds of invasive species in invaded seed banks (Navie et al. 2004 , Krinke et al. 2005 , Gioria and Osborne 2009b , depending on whether such assessments were conducted before or after seed dispersal. Future seed-bank studies in invasion ecology should collect soil samples at regular intervals over the year, over multiple years, to assess the seasonal and year-to-year variations in the number of viable seeds (Drake 1998 , Krinke et al. 2005 . This is also central to assess the timing and importance of recruitment from the seed bank in the naturalization and invasiveness of alien species Osborne 2009b, 2013) .
Similar considerations can be made for the variation in the distribution of seeds along the soil profile, with small seeds more likely to become incorporated in the soil, whereas larger seeds tend to remain on the soil surface (Fenner and Thompson 2005) . Collecting samples at different depths is important to assess the degree of persistence of the seed bank of a species in a community (Thompson et al. 1997 ) and the number of seeds that could emerge under favorable conditions for germination. However, in the majority of studies examining the impact of plant invasions on the seed bank, soil samples were collected from only one sampling depth (but see appendix S1; Holmes 2002 , Fisher et al. 2009 , Gioria and Osborne 2009a , b, 2010 , Gioria et al. 2011 , Gooden and French 2014 , Kundell et al. 2014 ). In particular, few studies have tested the effects of plant invasions on the seed bank at different depths, with the aim of assessing whether an invasive plant has an impact only on the surface layer, mostly composed of the most recent seed rain, or whether it has an impact even on the more persistent component of the seed bank (Holmes 2002 , Gioria et al. 2010 , Gioria et al. 2011 . These studies have shown that the impact tends to be different at different combinations of soil depth, although some species have a strong impact on resident communities at all depths, indicative of a capacity to alter the transient as well as the more persistent component of the seed bank (Gioria and Osborne 2010). 
Gooden and French 2014
Note: The similarities were calculated using the Sørensen index, except for one study (*). All soil seed banks were assessed using the seedling emergence approach (sensu Thompson et al. 1997 The majority of seed-bank studies in the context of plant invasions have been conducted in grasslands, ruderal habitats, Mediterranean-type shrublands, and coastal and riparian habitats, whereas comparatively few studies have focused on invaded seed banks in deserts and forests (for details, see appendix S1). Increased research in understudied ecosystems and for several invasive species is needed to improve our understanding of the ecosystems that are more susceptible to plant invasions and where plant invasions are more likely to have substantial and/or long-lasting effects on the native vegetation. Moreover, knowledge of the seed bank of invaded communities across multiple ecosystem types can provide important information on the species (and their traits or strategies) that are more likely to disappear from the seed bank or be substantially reduced, as well as on the characteristics of the invader that are likely to cause major impacts on the seed bank.
Generalities arising from studies on the seed bank in several ecosystem types and for several invasive species would provide an important baseline for the development of control and restoration measures, despite the strong contextdependent nature of the impact of plant invasions on the seed bank. For instance, similarities in the impact of large, invasive herbaceous plants on the seed bank, regardless of the reproductive strategy of the invaders, have been reported in several ecosystem types (Gioria and Osborne 2010) . This suggests that the characteristics of the seed bank could be predicted from the identity and certain traits of the invader, although additional research on this topic is required.
A balanced and integrated approach between the aboveand belowground effects of plant invasions on plant communities is necessary to improve our capacity to predict vegetation dynamics in invaded communities (Simberloff 2003 , Abella et al. 2013 ) and the role of native seed banks in the revegetation of previously invaded areas (Holmes 2002 , Vosse et al. 2008 , French et al. 2011 . Combined examinations of changes in the seed bank and the aboveground vegetation across several ecosystems or biomes and for several invasive species could reveal whether the "seed-bank legacy" of plant invasions could be predicted from changes in the aboveground vegetation, whose assessments are less costly in terms of time and resources. If predictable relationships were found, they could be used as a practical tool for environmental managers to prioritize areas where invasive species are to be controlled and to identify areas where restoration to similar pre-invasion conditions is feasible. Moreover, seed-bank and aboveground-vegetation assessments could be used to identify restoration thresholds-that is, losses of seed-bank species richness and density beyond which the recovery of previously invaded communities is not feasible.
The effects of climate change on seed-bank dynamics should be accounted for, because climatic changes will inevitably affect the seed bank and aboveground vegetation of both native and alien species (Gioria et al. 2012) . Climate, in fact, strongly regulates the distribution of alien plants (Thuiller et al. 2008 ) by affecting all developmental stages as well as many components of seed persistence in soil (Baskin and Baskin 1998 , Walck et al. 2011 , Saatkamp et al. 2014 . The effects of climate change are likely to be stronger for species (whether they are native or alien) possessing narrow germination niches, such as Gunnera tinctoria, which may form from negligible to enormous seed banks depending on climate and soil moisture (Gioria and Osborne 2013) . Moreover, climatic changes will favor invasions by species whose seeds emerge earlier than native seeds (Wainwright et al. 2012, Gioria and Osborne 2014 ). An increasing number of experimental studies show that priority effects arising from differences in germination phenology between alien and native species, even of short duration, may affect substantially competitive interactions and therefore the susceptibility of native communities to plant invasions (e.g., Wainwright et al. 2012) . The differential effects of climate change on the seed bank via changes in the germination phenology and dynamics of seed inputs (e.g., seed production) and seed outputs (e.g., seed germination and decay) for native and alien species need to be explored.
Accounting for time since introduction
The impact of plant invasions on the seed bank is expected to increase with residence time, here defined as the time since a species has been introduced into a community or site, which reflects changes in the aboveground vegetation and in the environmental conditions associated with plant invasions. First, the seed bank of invasive species possessing persistent seeds may accumulate over time because of a gradual increase in the abundance of the invader in aboveground vegetation as well as in the number of seed-rain events (Holmes 2002 , Gioria and Osborne 2009b , Zenni et al. 2009 , Marchante et al. 2010 . Several studies have shown that the density of the seed bank of an invasive species increases with its abundance in the vegetation (Krinke et al. 2005 , Shen et al. 2006 , Mason et al. 2007 , Cline et al. 2008 so that, over time, an invasive species may become dominant in the vegetation as well as in the seed bank, thereby creating a positive feedback by increasing its density both above and below ground (Cox and Allen 2008, Robertson and Hickman 2012) . However, there might not be any correlation between the seed-bank density and the stand age of the invader (Alexander and D' Antonio 2003) . The seed bank of an invader may even decrease over time because of the high mortality rates associated with soil-borne seed pathogens (Orrock et al. 2012) or high seed predation (Hulme 1998) , which tends to increase with the density of seeds in the soil (Saatkamp et al. 2014) or with high germination rates, possibly associated with natural or anthropogenic disturbance events. The proportion of dormant versus nondormant seeds produced by invasive species may also depend on residence time. For instance, a trend toward an increasing percentage of deeply dormant seeds compared with that of shallowly dormant seeds with increases in stand age was found for the alien French broom, Genista monspessulana, in coastal California grasslands (Alexander and D' Antonio 2003) .
The effects of invasive species on the seed bank are also likely to increase with residence time for species that have a capacity to alter ecosystem properties, creating soil legacies, such as increases in nutrient availability (e.g., Gaertner et al. 2011 , Gonzalez-Munoz et al. 2012 , which may further affect seed-bank dynamics via alterations in seed production, dormancy, and germination dynamics.
Residence time defined in biogeographical terms as the time since introduction into a region (e.g., Pyšek et al. 2015) may also affect the characteristics of the seed bank by determining the number of alien propagules dispersing within a region, which is particularly important for alien species with a capacity for long-distance dispersal, potentially leading to their introduction into sites or communities other than those where they were originally introduced or where corridors may facilitate their dispersal.
Information on residence time is provided in the majority of studies examining the impact of plant invasions on the seed bank (appendix S1), although this information is mostly anecdotal and often based on coarse estimates. In particular, few studies have compared the impact in invaded stands of different duration, showing that both the seeds of the invader and the impact on the vegetation were higher in long-term invaded stands compared with those in recently invaded stands (Holmes 2002 , Wearne and Morgan 2006 , Marchante et al. 2011 . Accounting for residence time provides important information on the temporal dimension of the impact of invasive plants on the seed bank. Although some species may have a limited impact, at least in recently invaded stands (Holmes 2002 , Wearne and Morgan 2006 , Marchante et al. 2011 , others have shown a capacity to alter dramatically resident seed banks within only few years (Gioria and Osborne 2010) . Information on residence time is therefore necessary to prioritize the control of species whose impact on the seed bank and therefore on the revegetation potential of resident communities is rapid. Moreover, in the long term, changes in the seed bank may alter the genetic variability and evolutionary potential of invaded communities, with subsequent effects on the ability of native communities to respond to environmental variability (Templeton and Levin 1979, Venable and Brown1988) , including the novel conditions associated with the introduction of alien species. This aspect needs to be explored in more detail.
Conclusions
Despite some recent progress, a solid understanding of the legacy of plant invasions on the seed bank is lacking. An important question is whether species-poor or low-density seed banks increase the invasibility of native communities and whether alterations in the seed bank and in the aboveground vegetation associated with primary invasions by alien species could create novel conditions that may facilitate secondary invasions by other alien or weedy species. Although some studies recorded a high proportion of alien seeds in both invaded and comparable noninvaded communities, suggesting that invasions may be a consequence of anthropogenic activities resulting in the direct or indirect introduction of alien seeds from local or regional pools, others have shown that plant invasions occur even in relatively undisturbed communities dominated by seeds of native species. Knowledge of how plant invasions, as processes favored by anthropogenic disturbances, are related to the seed bank is central to the development of measures aimed at preventing the arrival of alien seeds in highly susceptible communities or disturbances that may promote the germination of seeds of alien species. Ultimately, understanding the legacy of plant invasions will require knowledge of the evolutionary impact of plant invasions (Mooney and Cleland 2001) via changes in the seed bank of invasive and native species, such as a selection for more persistent seeds, as well as the co-evolutionary responses of invasive and native species.
